The ascorbate content declined rapidly in broccoli (Brassica oleracea L. var. italica)¯orets, but not in the stem tissue, during post-harvest senescence. Ascorbate peroxidase (APX), ascorbate oxidase (AO), L-galactono-1,4-lactone dehydrogenase (GLDH), monodehydroascorbate reductase (MDAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR) were investigated in gene expression after harvest in both¯orets and the stem tissue of broccoli. Cytosolic gene expressions (BO-APX 1, BO-APX 2, BO-AO, BO-MDAR 2, and BO-GR) were stimulated actively in broccoli¯orets after harvest. By contrast, it was observed that mRNA levels of chloroplastic APX, BO-sAPX and BO-tbAPX, had decreased by 12 h after harvest in broccoli¯orets, suggesting that the active oxygen species (AOS) scavenging system in chloroplasts was largely abolished in¯orets during the early hours of the post-harvest period. In addition, gene expressions in GLDH and other chloroplastic enzymes such as BO-MDAR 1 and BO-DHAR decreased rapidly within 24 h after harvest. Ethylene treatment had no effect on the ascorbate level and the expression of all genes investigated. The expressions of BO-GLDH and chloroplastic genes (BO-sAPX, BO-tbAPX, BO-MDAR 1, and BO-DHAR) mRNA were suppressed by treatment with methyl jasmonate (MJ) and abscisic acid (ABA) and were accompanied by the acceleration of ascorbate degradation. These data suggest that ascorbate metabolism tends to be inactivated in chloroplasts by transcriptional regulation, but not in the cytosol, when ascorbate decreases under stress conditions.
Introduction
Ascorbate is one of the most important components in both plants and animals. There have been several investigations on ascorbate metabolism and its function in plants which provide the major source of dietary vitamin C for humans (Noctor and Foyer, 1998; Smirnoff et al., 2001) . Ascorbate is oxidized by enzymatic or non-enzymatic reactions. A well-recognized enzyme consuming ascorbate is ascorbate peroxidase (APX), which catalyses the reduction of hydrogen peroxide to water with the simultaneous oxidation of ascorbate with a high speci®city (Fig. 1 ). Ascorbate oxidase (AO) also catalyses ascorbate oxidation in the presence of oxygen, although its physiological signi®cance has been poorly understood. Ascorbate oxidation always leads to monodehydroascorbate (MDA) which normally has a short life span that, if not rapidly reduced by MDA reductase (MDAR), disproportionates into ascorbate and dehydroascorbate (DHA). DHA is reduced to ascorbate by the action of DHA reductase (DHAR), using glutathione as the reducing substrate. A biosynthetic pathway has been proposed in which ascorbate is synthesized from Lgalactono-1,4-lactone (GL) dehydrogenase catalysed by GL dehydrogenase (GLDH) (Wheeler et al., 1998) . Ascorbate and its related enzymes described above play an essential role in scavenging active oxygen species (AOS) produced under normal and stress conditions. AOSscavenging enzymes such as APX, MDAR, DHAR, and glutathione reductase (GR) exist as isoenzymes distributed in distinct cellular compartments. To date, many investigations into APX isoenzymes have been presented to clarify the stress-tolerance responses and Shigeoka et al. (2002) has reviewed much of this information. At least four isoenzymes of APX have been demonstrated: thylakoid-bound APX (tbAPX) and stromal APX (sAPX) in chloroplasts, cytosolic APX, and microbody APX. The cDNAs encoding the enzymes of MDAR, DHAR, GR, AO, and GLDH were isolated from various plant species and have been characterized by many research groups (Mertz, 1961; Yamauchi et al., 1984; O Ã ba et al., 1994 Grantz et al., 1995; Diallinas et al., 1997; éstergaard et al., 1997; Stevens et al., 1997; Shimaoka et al., 2000; Urano et al., 2000; Smirnoff et al., 2001) . Considering the changes in ascorbate pool size and the importance of scavenging AOS, it is necessary to understand the regulation of these isoenzymes in addition to APXs. However, very little work has been done on the simultaneous analysis of these enzymes in distinct cellular compartments.
Ascorbate has been proposed to have roles in the regulation of photosynthesis (Noctor and Foyer, 1998) , cell expansion (Smirnoff, 1996) and trans-membrane electron transport (Horemans et al., 1994) , besides its wellestablished antioxidant role. In many vegetables and fruit, harvesting causes ascorbate degradation, which seems to induce serious damage to the plant cell after harvest (Lee and Kader, 2000) . In a previous paper, a rapid degradation of ascorbate was seen to occur in broccoli (Brassica oleracea L. var. italica)¯orets after harvest, but not in the stem tissue, in which the changes in both activities and gene expressions of APX after harvest were studied (Nishikawa et al., 2001 (Nishikawa et al., , 2003 . In the present paper, the changes are described in gene expression of the enzymes involved in ascorbate synthesis and breakdown in several portions of harvested broccoli. The results showed that the mRNA abundance of ascorbate-related enzymes in chloroplasts and the cytosol acted in a co-regulated, but distinct, manner after harvest and treatment with several plant hormones (methyl jasmonate (MJ), 6-benzylaminopurine (BA), and abscisic acid (ABA)) in broccoli¯orets. APX, MDAR and DHAR transcript levels in chloroplasts were strongly suppressed by 24 h after harvest. On the other hand, the expressions of the genes related to ascorbate metabolism in the cytosol were actively stimulated in harvested broccoli¯orets. Similar patterns were obtained in the treatment with MJ or ABA. In association with the decline of GLDH mRNA level within 12 h after harvest, these results may correlate with ascorbate degradation in harvested broccoli¯orets.
Materials and methods

Plant materials
Whole, intact broccoli plants, with roots, were harvested on a farm and transported to the laboratory where the stem ends were cut. Harvested broccoli heads were incubated at 20°C under humidi®ed condition (RH >100). At 0, 2, 4, 6, 12, 24, 48 , and 72 h after harvest, samples of stem tissue (2 mm thick) for the ®rst and second layers, and basal portion (c. 2 mm thick) of curds, and¯orets were excised from broccoli (Fig. 2) . The outer portion (green part) of the stem tissue was excised and used for RNA extraction (Nishikawa et al., Noctor and Foyer (1998) . Not all reactions are depicted stoichiometrically. Ascorbate is synthesized from L -galactotno-1,4-lactone (GL) by GL dehydrogenase (GLDH) which is assumed to be in mitochondria. Ascorbate is oxidized to monodehydroascorbate (MDA) by APX located in the cytosol and chloroplasts and by AO located in the cytosol or apoplast. MDA is converted to ascorbate by MDA reductase (MDAR) found in the cytosol and chloroplasts. MDA disproportionates non-enzymatically to ascorbate and dehydroascorbate (DHA), if not rapidly reduced by MDAR. DHA is hydrolysed to 2,3-diketogulonate unless reduced by DHAR appearing in the cytosol and chloroplasts, using glutathione (GSH) as the reductant. Oxidized glutathione (GSSG) is reduced by glutathione reductase (GR) in the cytosol and chloroplasts. Fig. 2 . Four parts of broccoli used for the analyses. The ®rst layer (0± 2 mm, cut surface layer), the second layer (2±4 mm, adjacent to the ®rst layer), the basal portion of curds, and¯orets were sampled.
2001). The excised stem tissue and¯orets were immediately frozen in liquid nitrogen and stored at ±80°C until ready for use.
Treatments with plant hormones
Broccoli obtained from a local market was used for treatment with chemical compounds. For 2,5-norbornadiene (NBD) and ethylene treatments, broccoli heads were exposed to 4000 ml l ±1 NBD or 50 ml l ±1 ethylene for 12 h and then¯orets were removed and frozen in liquid N 2 . For BA and MJ treatment, samples were dissected into curds (segments averaging 17.1 g) which were immersed with gentle stirring for 1 h in a solution of 0.22 mM BA or 1 mM MJ containing 1% ethanol and 0.1% Tween 20. Control broccoli curds were treated in the same way with 1% ethanol and 0.1% Tween 20. These curds were removed from the solution and held at 20°C under high humidity. After 23 h,¯orets were separated from the curds and used for the subsequent analyses. For treatment with ABA,¯orets excised from a harvested broccoli head were¯oated in 1 mM ABA or water with gentle agitation for 24 h. After the treatment, the¯orets were frozen in liquid N 2 and stored at ±80°C until ready for use.
Assay of ascorbate content and ethylene production Ascorbate content in the reduced and oxidized form was assayed using HPLC. Each frozen sample (0.5 g) was homogenized with a mortar and pestle in 5 ml of 2% metaphosphoric acid. The homogenate was centrifuged at 3000 rpm for 15 min, and then the supernatant was ®ltered through Mirachloth (Calbiochem). The pH of the ®ltrate was adjusted by adding an equal volume of 0.2 M Kphosphate buffer (pH 7.5). Total ascorbate was assayed by adding 1 ml of 1 mM dithiothreitol (DTT) to an aliquot of ®ltrate and incubating the mixture for 15 min (Masuda et al., 1988) . After the sample was ®ltered through 0.2 mm cellulose acetate ®lter (Advantec), a 20 ml aliquot was injected onto a TSK-GEL (Amide-80) column (TOSOH) attached to a LC-10AD pump (Shimadzu). The column kept at 20°C was eluted with 80% acetonitrile:0.04% phosphoric acid at a¯ow rate of 1.0 ml min ±1 . Ascorbate was monitored at 245 nm (retention time 5.3 min) with an SPD-10A spectrophotometric detector (Shimadzu) attached to a chart recorder (C-R6A, Shimadzu). Peaks were converted to concentrations by using the dilution of stock ascorbate to construct a standard curve. Ascorbate content was determined in a similar manner without the addition of DTT. Dehydroascorbate content was calculated by subtracting the ascorbate value from the total ascorbate.
Ethylene production was measured according to the procedures described by Nishikawa et al. (2001) .
RNA extraction, RT-PCR, cloning, and sequencing Total RNA was isolated according to the method of Kato et al. (2000) . The ®rst strand cDNA was synthesized from 5 mg of the total RNA by reverse transcriptase with Oligo-(dT) primer according to the instructions of the Ready-To-Go T-Primed First Strand Kit (Amersham Pharmacia Biotech). RT-PCR was performed in a total volume of 100 ml containing 1 ml of the ®rst strand cDNA reaction products, 10 ml of 10Q PCR buffer II, 2.5 mM MgCl 2 , 200 mM deoxynucleotides, 100 pmol of primers, and 2.5 units of AmpliTaq GoldÔ DNA polymerase (Perkin Elmer). The primers were designed by the common sequences in the genes of various plants. For BO-sAPX and BO-tbAPX the primers were designed by the common sequences based on Arabidopsis thaliana sAPX (accession no. X98925) and tbAPX (accession no. X98926), Spinacia oleracea chloroplastic APX (accession no. AB002467), Nicotiana tabacum sAPX (accession no. AB022274) and Cucurbita cv. Kurokawa Amakuri sAPX (accession no. D88420). BO-GLDH was isolated with the primers designed on the basis of the common sequences in sweet potato (accession no. AB017357) and cauli¯ower (accession no. Z97060) GLDH (Table 1) . The primers for BO-MDAR 1 were designed by the common sequences in A. thaliana (accession no. D84417), Brassica juncea (accession no. AF109695) and S. oleracea (accession no. AB063289) MDAR, and for BO-MDAR 2 were designed on the basis of A. thaliana (accession no. AF360197) and Oryza sativa (accession no. D85764) and tomato (accession no. L41345) MDAR nucleotide sequences. DHAR cDNA was isolated using the primers designed by the common sequences in A. thaliana (accession no. AF301597) and S. oleracea (accession no. AF195783) and O. sativa (accession no. AB037970) DHAR. BO-AO was isolated with the primers designed by the common sequences in A. thaliana (accession no. AB004798), B. juncea (accession no. AF206721) and Cucumis melo (accession no. AF233593) AO. The primers for GR were designed on the basis of the common sequences in A. thaliana (accession no. AY040029), Brassica rapa (accession no. AF008441), O. sativa (accession no. D85751), Pisum sativum (accession no. X98274) and S. oleracea (accession no. D37870) GR and used for RT-PCR. The PCR procedure started with 10 min at 95°C and was carried out for 35 cycles of 30 s at 95°C, 30 s at 52°C and 30 s at 72°C, and ended with 10 min at 72°C with GeneAmp PCR System 9600 (Perkin Elmer). The ampli®ed cDNA was cloned with TA Cloning Kit (Invitrogen). The sequences were determined using the Taq Dye Primer Cycle Sequencing kit and the Taq Dye Terminator Cycle Sequencing kit (Perkin Elmer) with 373S DNA Sequencing System (Perkin Elmer). The oligonucleotide primers shown below were used for the ampli®cation of cDNAs by RT-PCR and the cDNAs obtained were used as a template for probes in northern blot analysis.
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Northern blot analysis Northern blot analysis was performed as described by Nishikawa et al. (2003) . Total RNA (10 mg per lane) was separated in formaldehyde±agarose gels and RNA was visualized with ethidium bromide under UV light to ensure the equal loading of RNA in each lane. Probes were prepared using DIG RNA labelling Kit (Roche) and the detection after blotting was performed by chemiluminescence with CDP-Star (Roche) exposed to Hyper ®lm ECL (Amersham Pharmacia Biotech).
Results
Changes in ascorbate content
Ascorbate content was measured in four parts of broccoli: the ®rst layer of the cut stem (0±2 mm, cut surface layer), the second layer (2±4 mm, adjacent to the ®rst layer), the basal portion of curds and¯orets (Fig. 2) .
The amount of total ascorbate in¯orets was the highest of all the portions measured at 0 h (Fig. 3) . It stayed at a relatively high level until about 12 h, followed by a rapid decline to a low level during senescence. In the stem tissue, the levels of ascorbate remained almost unchanged or increased slightly as time progressed. DHA content exhibited less than 10% of total ascorbate in all portions throughout the post-harvest period (data not shown). These results were consistent with those obtained previously (Nishikawa et al., 2001 ).
Isolation and identi®cation of the cDNAs involved in ascorbate metabolism
To determine the changes in the levels of transcripts corresponding to APX, AO, GLDH, MDAR, DHAR, and GR, each cDNA was isolated from broccoli by RT-PCR with the primers shown in Table 1 and used as a template for probes in northern blot analysis. The sequences of the cDNAs isolated showed close similarities with those of Arabidopsis genes. Two chloroplastic APX cDNAs were isolated by RT-PCR using the primers designed by the common sequences in chloroplastic APXs reported in various plants. The nucleotide sequences, BO-sAPX and BO-tbAPX, showed a high similarity to those of stromal and thylakoid bound APX from Arabidopsis (accession nos AY056319, X98926), respectively. BO-sAPX and BOtbAPX cDNAs shared a high nucleotide identity in the coding regions so that probes were made using 3¢-untranslated regions in which they shared a lower nucleotide identity of less than 70%. The nucleotide sequence obtained of BO-GLDH was identical with that of cauli¯ower (accession no. Z97060). Two distinct clones having a high nucleotide identity to the sequences encoding MDAR were isolated from broccoli. The partial cDNA obtained for BO-MDAR 1 and BO-MDAR 2 were 328 and 411 bp long, respectively, and shared less than 60% nucleotide identity. The nucleotide sequence of BO-MDAR 1 showed more than 90% nucleotide identity with those of A. thaliana (accession no. D84417) and B. juncea (accession no. AF109695) MDAR. BO-MDAR 2 cDNA gave values of 92.7% and 77.1% identity with those of A. thaliana (accession no. AF360197) and O. sativa (accession no. D85764) MDAR, respectively. BO-DHAR cDNA obtained showed more than 70% identity with those of A. thaliana (accession no. AF301597) and B. juncea (accession no. AF536329) and S. oleracea (accession no. AF195783). BO-AO cDNA showed more than 80% nucleotide identity with A. thaliana (accession no. AB004798) and B. juncea (accession no. AF206721) AO. BO-GR obtained showed more than 90% nucleotide identity with A. thaliana (accession no. AY040029) and B. rapa (AF008441) GR. According to the similarity with the sequences from other plants, putative localization of their encoding protein was estimated. BO-sAPX, BO-tbAPX, BO-MDAR 1, and BO-DHAR were supposed to encode the proteins in the chloroplasts and BO-MDAR 2 and BO-GR showed a high similarity to the nucleotide sequences of the proteins in the cytosol.
Changes in mRNA levels
Changes in the transcript levels for BO-APX 1 (accession no. AB078599) and BO-APX 2 (accession no. AB078600) were detected using the probes previously reported by Nishikawa et al. (2003) . Expressions of both genes were induced markedly just after harvest in all the portions examined (Fig. 4) . The mRNA levels of both BO-sAPX and BO-tbAPX in¯orets remained high until 6 h after harvest and then diminished rapidly. Transcripts of both chloroplastic APXs increased gradually in the stem tissue except that BO-sAPX in the basal portion of curds showed a similar pattern to that in¯orets. Transcript abundance of BO-GLDH in¯orets and the basal portion of curds stayed at a high level until 6 h after harvest and then decreased rapidly. In the 1st and 2nd layers of the stem, mRNA levels of BO-GLDH were induced and maintained at a comparatively higher level over the experimental period. The mRNA levels of both BO-MDAR 1 and BO-MDAR 2 in the 1st and 2nd layers were induced gradually after harvest with a peak at 12 h and 24 h, respectively. In¯orets, BO-MDAR 1 was highly expressed until 6 h and then declined rapidly at 12 h, while BO-MDAR 2 transcripts were detected at a low level over the ®rst 24 h and increased markedly at 48 h and 72 h. The BO-DHAR mRNA level in orets showed a rapid increase until 12 h after harvest, but it became almost undetectable at 24 h. Transcripts of BO-DHAR in the three portions of the stem tissue exhibited almost the same pattern, showing a gradual increase during the experimental period.
According to the putative localization of the encoding proteins, the genes examined were classi®ed into three groups of cytosol, mitochondra and chloroplast. BO-APX 1 and BO-APX 2 were previously reported as cytosolic APX (Nishikawa et al., 2003) . BO-AO was classi®ed in the cytosolic group because of the AO localization proposed in the cytosol as well as the apoplast. When the mRNA expression patterns in¯orets after harvest were divided into two groups of cytosol and others (chloroplast and mitochondrion), their patterns were quite similar to each group (Fig. 5A, B) . Gene expression of the cytosolic enzymes (BO-AO, BO-APX 1, BO-APX 2, BO-MDAR 2, and BO-GR) were actively stimulated within 4 h after harvest in¯orets. After a transient decrease almost to the initial level, they increased signi®cantly after 12 h (Fig. 5A) . Changes in the mRNA of chloroplastic genes (BO-sAPX, BO-tbAPX, BO-MDAR1, and BO-DHAR) and of the mitchondrial gene (BO-GLDH) in¯orets after harvest tended to exhibit a similar pattern of the mRNA level increasing within 6 h, and then decreasing rapidly at 6±12 h after harvest (Fig. 5B) . In the later period of storage, this group of genes showed a lower expression in the transcript levels.
Effect of treatments with NBD, ethylene, BA, MJ and ABA in mRNA level To investigate the factors that may have played a role in altering the ascorbate pool size and the transcript levels of the genes related to ascorbate metabolism after harvest, broccoli¯orets were treated with NBD, ethylene, BA, MJ, and ABA. The NBD treatment enhanced the levels of most mRNAs detected with the exception for BO-GR, while the ethylene treatment had no effect on ascorbate content and gene expression involved in ascorbate metabolism (Fig. 6) . Ascorbate degradation was suppressed slightly by the BA treatment and evidently accelerated by both MJ and ABA (Fig. 6) . The mRNA levels of BO-GLDH, BO-sAPX, BOtbAPX, and BO-MDAR 1 increased by the application of BA, whereas those of BO-GLDH, BO-sAPX, BO-tbAPX, BO-MDAR 1, and BO-DHAR decreased by the treatments with MJ and ABA in correlation with the changes in ascorbate concentration in¯orets.
Discussion
In a previous paper it was reported that ascorbate degradation occurred in¯orets but not in the stem tissue of harvested broccoli (Nishikawa et al., 2001) . To understand the effect of harvesting on ascorbate metabolism in broccoli plants, several isoenzymes involved in ascorbate metabolism (APX, MDAR, DHAR, GR, AO, and GLDH) were investigated. This study concentrated on gene expression because it was dif®cult to assay the activity of each isoenzyme separately, except for APX isoenzymes. These results help to understand the changes in the activity of each isoenzyme, which may have opposite patterns in the cytosolic patterns and chloroplastic ones under stress conditions. The ®nding that is led by the grouping of the genes indicates that the genes in the chloroplasts and the cytosol act in a co-regulated but distinct manner under stress conditions (Figs 5, 6 ). It seems that these changes could effect the AOS and ascorbate levels and ascorbate redox status in each compartment.
Changes in cytosolic gene expressions related to ascorbate metabolism under stress conditions Increases after harvesting and treatment with MJ or ABA and decreases after BA treatment were observed in the expressions of the cytosolic genes related to ascorbate metabolism in broccoli¯orets. It seems likely that ascorbate metabolism in the cytosol is regulated in the same way at the transcriptional level and that the increases after harvesting and treatment with MJ or ABA may be a response to oxidative damage caused by the treated stresses. Generally, the AOS-scavenging system in the cytosol is considered to play a role in the protection of important cellular compartments from oxidative stress caused by environmental changes. It is well known that the formation of AOS is accelerated under stress conditions such as chilling, high temperature, intensive light and wounding, which are all associated with the process of senescence (Okuda et al., 1991; Foyer et al., 1994 Foyer et al., , 1997 Dat et al., 1998; Watanabe and Sakai, 1998) . Harvesting could also cause an increase of AOS in the cell, relating to the activation of the AOS-scavenging system in the cytosol. Many have reported that cytosolic APX is induced by environmental changes (Mittler and Zilinskas, 1992; Morita et al., 1999; Yoshimura et al., 2000) . Under stress conditions, the plant cell tends to scavenge AOS and protect cellular compartments by activating ascorbateregenerating systems besides APX in the cytosol.
Changes in chloroplastic gene expressions related to ascorbate metabolism under stress conditions The down-regulation of chloroplastic genes observed after harvest and MJ or ABA treatment could lead to a breakdown of the AOS-scavenging system in chloroplasts, resulting in the inhibition of CO 2 ®xation in the Calvin cycle (Kaiser, 1976) . These results indicate that APX, Fig. 6 . The effect of plant hormones on the mRNA accumulation of genes involved in ascorbate metabolism in harvested broccoli¯orets. Broccoli heads were exposed to 4000 ml l ±1 NBD or 50 ml l ±1 ethylene for 12 h, and then RNA was extracted from¯orets. For treatments with BA (0.22 mM) and MJ (1 mM), curds excised from heads were immersed in the respective solution on a reciprocal shaker for 1 h. After keeping for 23 h at 20°C,¯orets were separated from curds and used for RNA extraction. In the ABA treatment, individual broccoli¯orets were treated withMDAR, and DHAR in the chloroplasts can be regulated at the mRNA level and that not only APXs but also the ascorbate-regenerating system including MDAR and DHAR could be inactivated in chloroplasts under the stress conditions. As a consequence of this down-regulation, chloroplasts may start to disintegrate at an earlier stage before the occurrence of chlorophyll degradation during senescence because the degreening of sepals was observed visually at 48 h after harvest in this experiment. It has been reported that chloroplastic APX isoenzymes are inactivated by the excess generation of hydrogen peroxide and the depletion of ascorbate (Shikanai et al., 1998; Mano et al., 2001) . APX may be inactivated in chloroplasts before the suppression of their transcription in harvested broccoli¯orets because of the excess AOS caused by harvesting or the ascorbate redistribution from chloroplasts to the cytosol which may have a high demand for ascorbate to protect the cells from oxidative damage during senescence. It has been reported that tbAPX activity decreased rapidly under photo-oxidative stress (Mano et al., 2001) . have demonstrated that tbAPX is a limiting factor of antioxidative systems under photooxidative stress using transgenic tabacco plants that expressed tbAPX cDNA. Therefore, it is thought that the loss of tbAPX activity is a more important factor in postharvest senescence. However, it seems that the disruption of the stromal AOS-scavenging system, including sAPX, MDAR and DHAR, is also an important factor in the alteration of AOS and ascorbate levels under stress conditions and that the down-regulation of MDAR and DHAR in chloroplasts leads directly to ascorbate degradation.
Changes in ascorbate biosynthesis under stress conditions BO-GLDH exhibited a similar expression pattern to the chloroplastic genes in harvested broccoli¯orets, which showed a rapid decrease at the early stages of post-harvest, indicating a decrease in the rate of ascorbate biosynthesis. A decrease in ascorbate biosynthesis may be expected because of sugar de®ciency caused by an inactivation of photosynthesis in¯orets and/or the cessation of its supply to¯orets from leaves after harvest. The rapid decline of sucrose has been observed in broccoli¯orets (F Nishikawa et al., unpublished data) and asparagus spears (Davies et al., 1996) just after harvest. The suppressed expression of BO-GLDH after harvest may be related to the loss of sugars.
Changes in gene expressions related to ascorbate metabolism in the stem tissue of harvested broccoli In the basal portion of curds, which is part of the stem tissue far from the cut surface, the ascorbate level remained unchanged over the experimental period, despite the fact that the expression patterns of many genes showed a high similarity to those of¯orets. Compared with the stem parts with¯orets, a big difference may be in the number of chloroplasts, since¯orets are rich in chlorophyll in their sepals. It has been observed that post-harvest changes in broccoli¯orets show many similarities to the processes of developmental leaf senescence (Page et al., 2001 ). Assuming that a major source of ascorbate degradation in¯orets is primarily caused in chloroplasts, it could be supposed that the loss of ascorbate after harvest is in¯uenced by the amount of chloroplasts and the regulation of chloroplastic gene expression involved in the AOSscavenging system. The constitutive levels of ascorbate in the stem tissue, including the basal portion of curds, may be attributable to the lower number of chloroplasts or to the different response to¯orets in BO-tbAPX and BO-DHAR gene expression.
The effect of hormone supplies on ascorbate metabolism and ascorbate level Harvesting disrupts water, energy, nutrient, and hormone supplies, and also causes wounding stress. Heads of broccoli are harvested at the immature stage and show rapid yellowing during storage. It has been observed that the rate of ethylene production in¯orets increased to a maximum and then declined in a pattern almost paralleling that of ACC oxidase activity (Kato et al., 2002) . Ethylene production regulates the yellowing of sepals after harvest based on chlorophyll degradation. The activation of APX by ethylene has also been documented (Mehlhorn, 1990; Ievinsh et al., 1995) . In the present study, the rate of ethylene production began to increase at 12 h after harvest and the degreening of sepals became obvious after 48 h (data not shown). To understand the relationship between ascorbate catabolism and ethylene production, harvested broccoli was treated with NBD, an inhibitor of ethylene action, and with ethylene. However, there were no substantial effects on ascorbate metabolism with ethylene treatment, indicating that ascorbate degradation in harvested broccoli¯orets was not regulated by ethylene. Increases in the expression of some genes involved in ascorbate metabolism by NBD treatment suggest that these genes could be suppressed to some extent by ethylene. It was reported that the MJ and ABA were induced by wounding and water stress, respectively (Leo Ân et al., 2001; Zhu, 2002) . The changes in transcript levels of mRNA related to ascorbate metabolism after harvest seemed related to those observed in the samples treated with MJ and ABA, suggesting that MJ and/or ABA may be related to the post-harvest response of¯orets.
